Abstract. Base isolation technology is an important way to increase the seismic performance of buildings. This paper proposed that steel balls could be used as Rolling Friction Bearing (RFB) to form a Combined Isolation Bearing (CIB) with Lead Rubber Bearings (LRB). The seismic response of a building with CIB were calculated by numerical analysis method, and the isolation effect was investigated through comparing the seismic shear forces of the structure before and after base-isolated. Research results showed that setting the CIE, the seismic response of upper structure could be reduced greatly, and the coefficient of seismic isolation could be about 0.4 under the earthquake of 7 degree. Furthermore, the CIB was more effective in isolation than that made up of LRB only.
Introduction
With the development of isolation technology, more and more isolated buildings have been built in the earthquake area. There are about 10000 isolated buildings in the world so far, and more than half in China. Isolation technique can not only be applied in new structure, but also play an important role in reinforcement for old buildings. It was repotrt in literature [1] that at this stage, the researches around isolation technique have been mainly focused on the performance of isolation equipments and development of products.
It was proposed in literature [2] that lead rubber bearings (LRB) are most common isolation equipment, while logs, sand bed, talc, roller had ever been used as Sliding Isolation Bearings (SIB). The SIB can make the fundamental period of structure far away from the predominant period of ground motion, but they can't provide resilience and cannot be used alone.
A Combined Isolation Bearings (CIB) made of SIB and LRB may be more effective in isolation, because the SIB can prolong the fundamental period of structure, while the LRB can provide restoring force. Through shaking table test, the seismic responses of the structure model with some SIB and LRB in parallel connection were researched in literature [3] . The results showed that the CIB is more obvious in lsolation than LRB. There is a decision made in literature [4] that within certain limits, increasing the stiffness of isolation layer, the maximum sliding displacement and residual displacement could be effectively controlled, but the isolation effect was weakened. In literature [5] , the restoring force model of CIB (Bi-linear model) with different proportion of SIB and LRB was obtained through low frequency cyclic loading test. The seismic responses were calulated and the results showed that on the premise that maximum displacement is less than the allowance value, the more SIB in CIB, the better isolation effect. CIB composed of PTFE bearing and LRB was researched in literature [6] , in which, the same conclusion was made-that is, more PTFE bearing in isolation layer can lead to better isolation effect.
CIB Composed of Rolling Friction Bearings (RFB) and LRB

Research on RFB
Roller and ball are all rolling friction components. In literature [7] , the author proposed a one CIB composed of rollers and LRB, which was placed under a five-layer steel frame model. Result of a shaking table test showed that CIB has certain isolation effect, but it was obviously different in longitudinal and transverse directions. Specifically, it was much more effective along the direction of rolling than that along the direction of sliding. In order to solve the problem above, literature [8] put forward another CIB composed of the cross rollers and LRB, that is, rollers were set along longitudinal and transverse directions. The dynamic properties and the isolation effect were similar in two directions of isolated structure.
A kind of isolation device made of steel ball was researched in literature [9] , in which, the balls were set between cambered surface and conected with springs around them. The dynamic performance of the isolation device and some decisive parameter values were discussed. Literature [10] pointed out that the same problem for balls in cambered surface and friction pendulum was that, although can the sturcture be automatic reset due to the weight, the upper structure would jump up and down.
Mechanical Property of Steel Ball and CIB
Another CIB combined steel balls with LRB may be more effctive in isolation, because steel ball make the stiffness of isolation layer smaller, and LRB provide restoring force and damping. Steel ball can be assembled in matts or sudoku cells, which are fixed under the upper structure. The coefficient of friction betwwen steel ball and smooh plate could take the value from 0.05 to 0.5, which should be determined by test.
As isolation bearing, steel balls could not bear tension but stress in vertical direction. In horizontal direction, its stiffness is infinite before rolling and 0 after rolling. For the convenience, assuming that steel ball could not slide but roll, its restoring force model is a typical rigid-plastic model, as shown in figure1, while the restoring force model of LRB is bi-linear model, as shown in figure2.
The restoring force model of CIB consisted of steel balls and LRB should be improved bi-linear model. When the horizontal force is greater than the maximum static friction force, the isolation layer begins to move due to earthquake, its horizontal stiffness equals the stiffness of LRB, while steel ball only increases the damping of isolation layer. 
Seismic Responses of Isolated Structure with CID
Arrangement of Isolation Layer
To design an isolated structure, it should predetermine a performance goal, that is to determine a coefficient of seismic isolation firstly. The isolation layer could be arranged according to a predetermined foudation period of isolated structure (usually extend 2~3 times than before isolated). Then, its horizontal stiffness can be calculated, and isolation bearings could be determined. Next, take appropriate method to compute seismic response of the upper structure and compare the shear force with that of non-isolated structure. If the result could not satisfy the predetermined goal, the isolation layer should be readjusted and the seismic response should be recalculated, till the result satisfy the goal.
As an example, a four-layer reinforced concrete frame structure located at site of Class II was investigated. The seismic fortification intensity is 7 degree (0.10 g). Its column section was 450×450 mm 2 , beam section 250×600 mm 2 , the total gravity 31466 kN. Setting a bearing under each column and assuming the foundation period of the isolated structure was 1.5 second, the stiffness of isolation layer could be calculated. 
For the LRB of GZY400, its equivalent stiffness corresponded to the horizontal deformation of 50% strain was 2.1.
So that 27 GZY400 bearings was chosen. Two kinds of isolation layers were investigate. One was composed of 21 LRB of GYZ400 (named condition 1), the other is composed 14 LRB under sorrounding columns and 7 group of steel balls under centre columns (named condition 2). Each group has nine 90-mm-diameter balls which are placed as Sudoku. Condition 2 was shown in fig.3 .
Calculation of Seismic Response
It was proposed in literture [11] that the method to calculate seismic responses of isolated structure was closely associated with the mechanical model of isolation layer. If the model is linear hysteretic curve, dynamic time-history analysis method often be selected. If program could handle the damping of isolation layer as damping ratio, the simplified response spectrum method can be used.
Dynamic time-history analysis method could be carried out through common software, such as MIDAS or SAP2000. For example, the frame unit in SAP2000 could simulate the frame beam and column directly, while the thin plate element could simulate floor. The nonlinear "Rubber Isolator" unit could be used to simulate LRB. The equivalent stiffness and damping corresponding to the horizontal deformation of 50% strain should be taken for linear condition, while those corresponding to 250% strain should be consider for nonlinear condition. "Friction Isolator" could simulate steel ball, but the surface radian should be adjusted to 0. when steel ball rolls on smooth plate, regardless fast or slow, the friction coefficient could be taken the value of 0.00057. The analysis model of the structure is shown in Fig.4 .
El-centro wave, Taft wave, and an artificial wave were input respectively to calculate the seismic responses of isolated structure and non-isolated structure. Peak acceleration of these three waves were adjusted to corresponded to frequent or infrequent earthquake of 7 degree. Maximum acceleration of every floor due to El-centro wave corresponding to frequent earthquake was shown in Fig.5 , from which it could be seen that maximum acceleration of non-isolated structure increased gradually from bottom floor to the top floor, while that of condition 1 and condition 2 tended to be uniform and much smaller. Those due to other seismic waves had similar laws. Taft   wave   Artificial   wave   horizontal  4  2501  2109  2665  1192  1098  1302  826  299  602   3  4736  3866  4891  2250  1865  2421  1550  498  2032   2  6241  5493  6687  2934  2598  3031  2239  801  3278   1  8874  7768  9011  4179  3802  4333  3011  1187  4032   vertical  4  2021  2242  1109  910  1201  776  287  545  104   3  3623  3991  2047  1607  2143  1517  476  1825  208   2  5106  5762  2939  2356  3012  2285  782  2980  254   1  7079  7639  3942  3569  4033  2945  1045  3721  363 Seismic shear force of isolated structure and non-isolated structure due to frequent earthquake were computed and shown in table1, as well as those due to infrequent earthquake were computed and shown in table2.
Horizontal shear force of isolated structure and non-isolated structure due to frequent earthquake were compared in Fig.6 . It could be seen from table 1, table 2 ,and Fig.6 that the shear force of condition1 was only35% of that of non-isolated structure, while the that of condition2 was only30% of non-isolated structure. Figure 6 . Horizontal interstory shear force due to frequent earthquake. non-isolated structure condition1 codition2 Figure 7 . Horizontal displacement due to infrequent earthquake. The inter-story drift due to El-centro wave corresponding to infrequent earthquake of 7 degree was shown in table 3 and Fig.7 . It can be seen that the maximal displacement of the non-isolated structure increased gradually from the bottom to the top, while those of isolated structure were very small and basically the same. So that, after setting the base isolation device, the horizontal displacement would focused on isolation layer, and the upper structure present the state of the overall translation.
Analysis of Isolation Effect
For the non-isolated structure, if the stiffness distributed evenly in every floor, the inter-story displacement angle increases gradually from top to bottom. For the isolated structure, the shear force and displacement angle of every floor become significantly smaller. Coefficient of seismic isolation often be used to measure isolation effect.
Compare the envelope of base shear force of structure with and without isolation layer due to three waves, and the coefficient of seismic isolation was calculted, as shown in table 4. It can be seen that the coefficient of seismic isolation of condition2 is slightly smaller than that of condition1, ie, the isolation effect of condition2 is slightly better than that of condition1.
Conclusion
Because of its large vertical stiffness and small horizontal stiffness, steel balls could be used as a kind of isolation components to reduce the seismic response of the upper structure, but they have to be combined with LRB to form CIB. The maximum inter-story shear force of structure ould decreased by 50 percent after isolated by CIB.
When the seismic response of structure isolated by CIB is calculated, the equivalent stiffness of the isolation layer would be taken the sum of all the LRB, while the steel ball only provied more damping. Compared with LRB, the seismic shear force of upper structure with CIB could be decreased, but the displacement of isolation layer could be increased.
